Recently, smart biocatalysts, where enzymes are conjugated to stimuliresponsive (smart) polymers, have gained significant attention. Based on the presence or absence of external stimuli, the polymer attached to the enzyme changes its conformation to protect the enzyme from the external environment and regulate the enzyme activity, thus acting as a molecular switch. Owing to this behaviour, smart biocatalysts can be separated easily from a reaction mixture and re-used several times. Several such smart polymer-based biocatalysts have been developed for industrial and biomedical applications. In addition, they have been used in biosensors, biometrics and nano-electronic devices. This review article covers recent advances in developing different kinds of stimuli-responsive enzyme bioconjugates, including conjugation strategies, and their applications.
Introduction
Enzymes are macro-biomolecules, which catalyse different types of reactions. They are widely used in many industrial and biomedical applications. To reduce the cost of production and to enhance the effectiveness of enzymes, they are conjugated or immobilized using polymeric support, which has gained significant attention lately. The two major factors of stability and reusability of the enzymes are achieved because of conjugation of the enzyme rather than use of the free enzyme. Conventionally, enzymes can be conjugated either inside or outside of the polymeric beads or porous matrices, or by direct attachment to the polymeric surface. High mass transfer resistance and significant loss of activity are the major drawbacks that can discourage the use of these polymeric supports, but the way of attaching enzymes to the polymers can mitigate these problems.
During the last few decades, conjugation of enzymes with stimuli-responsive (smart or intelligent) polymers have gained significant attention to develop more stable and effective enzymes. Polymers that show the phase transition property in response to changes in the environmental stimuli are called stimuli-responsive or smart polymers, but they are also termed phase transition polymers [1, 2] . These polymers protect the enzymes from the external environment by changing their conformation and preserve the enzymes without considerable alteration of their functional activity [2, 3] . The physical or chemical attachment of the stimuli-responsive polymers to the enzymes is known as bioconjugation and the products of conjugation are called 'responsive polymer enzyme bioconjugates' or 'smart biocatalysts' [2] [3] [4] . Smart biocatalysts show the stimuli-dependent phase transition in the presence or absence of stimuli [2, 5] . Thus, they are stable in harsh reaction conditions and reusable for many operational cycles. They have been used for a wide range of applications in industries such as food processing, textile and laundry and, in the biomedical field for diagnosis and treatment of diseases [6, 7] . Our present article focuses on an update on different conjugation strategies, types of smart biocatalysts and their diverse applications.
Types of stimuli
Different kinds of environmental stimuli such as physical (temperature and pressure), chemical (pH and ionic strength), external forces (magnetic and electric) or the ions can alter the native conformation of a polymer. In the presence of such stimuli, smart polymers change their conformation and surround the protein molecules, thus protecting the proteins from harsh reaction conditions (figure 1) [2, 3, 8] . Owing to their responsive character, biocatalysts can be re-used several times while avoiding significant loss to the enzyme activity. Moreover, separation of smart biocatalysts from the reaction mixture and their reuse are also easy and can be achieved by giving an external stimulus [2] .
Conjugation strategies
Generally, conjugation of an enzyme to the polymer can be achieved by the following methods: (i) physical mixing of an enzyme with a polymer and (ii) a covalent conjugation approach, in which an enzyme is covalently conjugated to a polymer either randomly or in a site-specific manner.
In physical mixing, enzyme molecules are simply mixed with a polymer and used for applications. Entrapments in hydrogels, encapsulation or entrapment in micrometre-sized beads are the common examples of this kind of approach to develop smart biocatalysts. This is easy to perform and user friendly; however, considerable loss of activity and leaching of the enzymes are the serious issues involved. In this conjugation method, mainly hydrophobic, van der Waals interactions and hydrogen bonding play an important role in stabilizing the enzyme with the polymer. In the case of polyelectrolyte complex formation with an enzyme, electrostatic interactions between opposite charges of the polymer and the protein play an important role in stabilizing the bioconjugate. Moreover, hydrophobic interactions are also involved in the polymerprotein complex formation. Therefore, stability of the polyelectrolyte-protein complexes depends on the physiochemical factors of the medium ( pH and ionic strength of the solution), charge density and surface charge distribution of the polymer and protein [9, 10] .
In covalent conjugation, the enzyme binds to the polymer through covalent interactions. Therefore, greater stability of the enzymes can be achieved through this method. Covalent conjugation can be random or site-specific, which depends on the type of reactive functional moieties present on the polymer and the protein. In random conjugation, the enzyme is conjugated non-specifically with functional groups of the polymeric chain. The common functional groups in an enzyme used in conjugation are the carboxyl groups from glutamic and aspartic acids, hydroxyl groups of serine and threonine, sulfhydryl group of cysteine or amine residue of the lysine [11] . The reactivity of the enzyme functional groups depends on their accessibility on the protein surface. The choice of reactive sites in a protein depends on the physico-chemical conditions of the medium like pH, temperature and ionic strength. In random conjugation, the reacting polymer may be sterically hindering the active site of the enzyme, which could affect the enzyme activity. In this conjugation, multiple reactive sites of a single protein can also bind to a single or multiple polymeric chain and thus may create heterogeneity in the system. Therefore, to minimize this, various end-functionalized smart polymers have been synthesized, which can target specific chemical moieties of the enzyme enabling synthesis of more defined bioconjugates. Figure 1 . Synthesis of polymer -protein bioconjugates. The polymer-protein bioconjugates are synthesized via covalent or non-covalent linking between a polymer and an enzyme. In the absence of stimuli, the conjugated enzyme is able to react with the substrate and form products. However, in the presence of stimuli, the bioconjugate precipitates with an observed minimal enzyme activity and thus can be re-used multiple times.
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The end-functionalized polymers can be synthesized by chain transfer polymerization by using alcohol or carboxylic acid as chain transfer agents [12] . On the other hand, site-specific conjugation involves the specific conjugation of a functional polymeric chain to a specific amino acid residue of a protein. Through a sitedirected mutagenesis approach, one functional residue can be incorporated into protein through mutation at a specific site. Hoffman and their co-workers have extensively used this approach to form defined smart polymer -protein bioconjugates. For instance, maleimide and vinyl sulfone functionalized polymers have been specifically conjugated to thiol groups of the protein [13] . Similar to random conjugation, site-specific coupling also depends on the reaction conditions like pH, temperature and ionic strength of the medium. Interestingly, in site-specific coupling, polymer binds to the mutated amino acid away from the active site of the enzyme to form a single-point attachment, thus minimizing the possibility of steric hindrance from polymer and thereby preserving the native enzyme activity.
Types of smart biocatalysts
On the basis of the type of conjugated polymer to the enzyme, smart biocatalysts are categorized in the following sections.
Thermo or temperature-responsive biocatalysts
The temperature-responsive biocatalysts are the conjugated product of temperature-responsive polymer and the enzyme. Thermo-responsive polymers show reversible phase transition at a particular temperature. This temperature is known as the lower critical solution temperature (LCST). Below this temperature, the polymer exists in a solution state and starts precipitating or becoming turbid above this temperature, and thus, this is also termed the cloud point (figure 2) [14] [15] [16] [17] [18] . The LCST is an intrinsic property of the thermo-responsive polymer, which is unchanged by physical mixing of the polymer with an enzyme. However, it can be changed if the polymer is chemically conjugated to the enzyme. Changes in the LCST depend on the nature of the enzymes. In the case of a hydrophilic enzyme, the LCST goes up, implying that slightly higher temperature is needed to precipitate the bioconjugate from the solution phase. The LCST goes down if the conjugated enzyme is hydrophobic. In thermo-responsive biocatalysts, attached thermo-responsive polymers protect the enzymes by shielding them from the external environment. On the basis of enzyme applications, thermo-responsive bioconjugates can be categorized as industrial and therapeutic biocatalysts.
Industrial biocatalysts
Polymers such as poly-N-isopropyl acrylamide (PNiPAAm), polyvinylcaprolactam (PNVCL), poly(N,N-diethyl acrylamide) (PDEAM), poly(N-ethylmethacrylamide) (PNEMAM), poly (methyl vinyl ether) (PMVE) and poly(2-ethoxyethyl vinyl ether (PEOVE) are typical examples of thermo-responsive polymers (figure 3) [19] . Among them, PNiPAAm has been extensively used in the development of smart industrial biocatalysts. Structurally, the N-isopropyl moiety in the polymer is responsible for its smart behaviour in response to the temperature changes, which interacts with the water molecules at temperatures below the LCST, but dissociates above the LCST. The LCST of PNiPAAm is approximately 32.58C.
During the past few years, many temperature-responsive biocatalysts in the form of solutions, beads and hydrogels have been developed for industrial applications (table 1) . Use of thermo-responsive bioconjugates is highly valuable particularly at high temperatures, where unconjugated enzymes are usually denatured and thus are unable to catalyse the reactions. Unlike the free enzymes, in bioconjugates, conjugated polymers precipitate and surround the enzyme molecules by forming a protective layer, thus preserving them from higher temperatures. This gives structural and functional stability to the enzymes. For instance, PNiPAAm-catalase in the solution format showed better thermal stability in isothermal heating at 558C and in gradient heating at 10-808C than the free enzyme. On the other hand, the control sample polyacrylamide-based bioconjugate did not show any such temperature-responsive behaviour [5] . Similarly, in poly(3-dimethyl(methacryloyloxyethyl) ammonium propane sulfonate (PDMAPS)-trypsin bioconjugate, the half-life of the enzyme was extended from 4.8 to 315.9 min at 608C [20] . Interestingly, when the thermoresponsive property of PNiPAAm was used in conjugation with pyrophosphatase, which is commonly used in polymerase chain reactions during thermal cycling, the PNiPAAmpyrophosphatase bioconjugate retained 77% of its original activity at 608C after 3 h of incubation. Moreover, the optimum temperature of catalysis of the enzyme was also increased from 45 to 608C after conjugation [23] . Recently, another industrially important enzyme-based transglutaminase (mTG)-PNiPAAm bioconjugate in a solution format was synthesized via a covalent linking procedure. This bioconjugate displayed no change in pH optima of mTG; however, the temperature optimum was shifted from 50-558C to 40-458C. The conjugates have shown improved thermal stability compared with the free enzyme [29] .
In many cases, the conjugated polymer also enhances the affinity of the enzyme for substrates via alteration of the micro-environment around the active sites of the enzyme. For instance, PDMAPS creates more hydrophobic property after conjugating with trypsin, which enhances the enzyme's affinity for the substrate as observed by the low MichaelisMenten kinetics (K m ) value than that of the free trypsin, while maximal velocity (V max ) was unchanged. Thus, conjugated trypsin showed higher catalytic activity for a high rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180062 molecular weight substrate [20] . Similarly, a decrease in the K m value was observed in the PNiPAAm-co-acrylamide (Ac)/acrylic acid (AAc) -bromelain conjugate compared with the unmodified enzyme [21] . However, in the PNiPAAm-NAS (N-acryloyloxysuccinimide) -penicillin acylase conjugate, a slight loss of affinity towards the substrate was noted, with a slightly higher Michaelis constant K m value (20 mM) compared with that of the free enzyme (12 mM) [22] .
As thermo bioconjugates have the property of reversible conformational changes, they become functional at low temperatures (below their cloud point). Moreover, due to this reversible nature, bioconjugates can be used several times without losing their significant enzyme activity. This reusability is another important gain post-conjugation, which is also known as operational stability. Thermo-responsive enzyme bioconjugates thus developed were active during many 
PNiPAAm-co-glucosyoxyethyl methacrylate carbodiimide coupling trypsin - [28] carboxylated PNiPAAm EDC/NHS coupling transglutaminase 39 [29] rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180062 operational cycles. For example, PDMAPS-trypsin retained 85% of its initial enzyme activity after 10 cycles of heating (408C) and cooling (48C) [20] . Similarly, the PNiPAAmbovine liver catalase bioconjugate was active for 20 heating and cooling cycles [5] . Interestingly, the PNiPAAm-pyrophosphatase bioconjugate retained its functional activity for 80 cycles of polymerase chain reaction (PCR). However, after 100 cycles, enzyme activity started to decline [23] . These observations show the significant value of thermo-responsive polymer conjugated enzymes over the free enzymes in increasing their stability at higher temperatures.
Apart from the solution format, 'hydrogel-based' thermoresponsive biocatalysts were also developed for industrial applications. For example, PNiPAAm-based micrometresized hydrogel particles demonstrated conjugation of lipase. Lipase B from Candida antarctica was conjugated to PNiPAAm hydrogel microparticles by using the solvent exchange method. Lipase was homogeneously distributed inside the polymeric network as observed under confocal microscopy. Moreover, after conjugation, the specific activity of the lipase was significantly increased compared with the free enzyme. Bioconjugates also showed good reusability and stability properties in organic solvent such as n-hexane [30] .
Stability of mainly developed PNiPAAm-enzyme biconjugates was demonstrated in the aqueous phase. However, a few studies have also reported the use of a bioconjugate system in organic solvents. For example, horseradish peroxidase (HRP) conjugated to PNiPAAm was used in an organic solvent. HRP is not soluble in organic solvents, but it can be used to catalyse different organic reactions. Therefore, by conjugating with PNiPAAm, HRP without losing its significant activity can catalyse the substrate, which dissolves only in organic solvents. In this case, HRP was conjugated to PNiPAAm particles with a cross-linker by changing the phase from aqueous to non-aqueous isopropanol. The activity of the HRP conjugate was enhanced in the isopropanol solvent. This may have happened due to the retaining of the aqueous phase around the active sites of the enzyme, which might have preserved its conformation and enhanced its stability. On the other hand, free enzyme showed poor activity in isopropanol due to unfolding of the enzyme leading to denaturation and loss of enzyme activity [31] (figure 4).
Therapeutic biocatalysts
To increase the stability and preserve the functionality of therapeutic enzymes, attachment of hydrophilic polymers such as polyethylene glycol (PEG) is used as one of the favourable choices for the conjugation process. The process of attachment of PEG molecules to the proteins is called PEGylation. PEG polymer inhibits the binding of proteins and cells due to its hydrophilic nature and thus increases the half-life of proteins. To date, many therapeutic proteins and enzymes have been conjugated to PEG molecules [32] . Although improvement in enzyme stability was observed, a few concerns were raised while using PEGylation for therapeutic proteins like modulation of immunogenicity of the proteins and induction of a few undesirable anti-PEG responses [33 -35] . Immunogenicity of the polymer itself and the formation of PEG-containing vacuoles were observed in cells treated with PEGylated proteins [36] . Therefore, to further improve the safety and stability of the enzymes, other hydrophilic or stimuli-responsive polymers demonstrated conjugation of therapeutic enzymes, though only limited numbers of examples are available at present. For example, a water soluble polyvinyl alcohol (PVA) derivative containing an alkyl side chain was conjugated to a plasminogen activator to increase its in vivo therapeutic efficacy to inhibit blood coagulation and suppression of inflammatory responses. For synthesis of this bioconjugate, first PVA was modified with sodium monochloroacetate to synthesize PVA-COOH. Later, the carboxyl group was modified and PVA was further modified with hexadecane to form PVAalkyl. This PVA-alkyl polymer was cross-linked using bis(b-isocyanatoethyl)disulfide (BEID) to form the gel. PVA gel was reduced with dithiothreitol (DTT) to synthesize the SH group containing PVA-alkyl. SH-PVA-alkyl polymeric gel was anchored on the cell surface through hydrophobic interactions between the alkyl side chain of the PVA chain and the lipid bilayer of the cell membrane. On the other hand, for conjugation, urokinase enzyme was modified with N-1-maleimidocaproyl-oxysulfosuccinimide ester (sulfo-EMCS) to introduce the maleimide functionality. Finally, the maleimide-functionalized enzyme was conjugated to the PVA-anchored cell surface through thiol-maleimide bonding (figure 5). Urokinase-conjugated islets displayed fibrinolytic properties under in vitro assay conditions, which demonstrated that enzyme conjugation did not impair insulin release [37] . Though the urokinase conjugate performed well in the in vitro assays, its in vivo efficacy still needs to be addressed in detail.
In another study, a temperature-responsive poly(N-isopropyl acrylamide)-co-acrylamide (PNiPAAm-co-Ac) was synthesized and conjugated to avidin protein to enhance the pharmacokinetic property under in vivo conditions. This copolymer displayed an LCST of approximately 378C, which slightly increased after the conjugation. The synthesized bioconjugate retained 85 + 3% of its native affinity for biotin and biotin-monoclonal antibody. Moreover, this rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180062 bioconjugate retained its high affinity even after three heating and cooling cycles. Pharmacokinetic studies revealed that polymer conjugation has enhanced the retention time in the bloodstream compared with the native protein and decreased the uptake of protein in the liver significantly [38] . In a different study, a temperature-responsive polymer brush-based system was demonstrated to capture and release enzymeloaded red blood cells (RBCs) in response to changes in temperature. PNiPAAm and AAc were covalently grafted on a completely hydrophobic polypropylene surface (PP). Later, the mitogen concanavalin A (Con A) was covalently conjugated on PNiPAAm-co-AAc-grafted PP surfaces via amide linkage. At 378C (above the LCST of the grafted polymer), Con A was exposed on the surface to capture the nattokinase-loaded RBCs and displayed the fibrinolytic property. However, at 48C, PNiPAAm-co-AAc underwent conformational changes and therefore the conjugated Con A has reverted inside the matrix and released the enzyme-loaded RBCs [39] . Here, RBCs were used as a carrier for enzyme encapsulation, which proved to be potent biocompatible carriers for delivery of biomolecules [40, 41] .
Apart from the linear polymer format, thermo-responsive hydrogels also demonstrated conjugation of therapeutic enzymes. For instance, urease enzyme was covalently coupled to cross-linked poly(N-isopropylacrylamide)-co-N-acryloxysuccinimide-co-2-hydroxyethyl methacrylate, and thus, PNiPAAm-co-NAS-co-HEMA hydrogel was formed on the polyester non-woven membrane. This was done by the reaction between the amine group of the enzyme and the succinimide ester groups of the polymer. The composite membrane shows temperature-dependent phase transition similar to PNiPAAm hydrogel, which swells and de-swells above the LCST. Therefore, activity of the conjugated biocatalyst depends on the degree of swelling of the hydrogel and gel swelling affects the diffusion rate of the substrate to go inside the hydrogel or the products coming out from the hydrogel. Thus, enzymes in this kind of hydrogel showed temperature-dependent on/off activity. Moreover, bioconjugation also increased the reaction rate of the enzyme when operated in a temperature range around its LCST [42] . The increase in the reaction rate is probably due to less mass transfer resistance of the substrate or product [43] . Similarly, thermo-responsive poly(N-isopropyl acrylamide-co-polyethylene glycol)-methacrylate) (PNiPAAm-co-PEG-MA)-based hydrogel was synthesized and used for conjugation of urease. This hydrogel showed similar temperature-dependent phase transition around its LCST 328C. After conjugation, urease retained approximately 83-53% of the activity of its free enzyme activity. The optimum pH and temperature remained unaltered after the conjugation process. Moreover, hydrogel-conjugated urease possessed excellent thermal, storage and operational stabilities compared with the free enzyme. Even after 10 cycles, the bioconjugate retained 89% of its original enzyme activity [44] .
Apart from hydrogels, PNiPAAm-based metal nanoparticles (NPs) were also synthesized for conjugation of the therapeutic enzymes. For example, PNiPAAm and thrombin aptamer were conjugated on the surface of gold nanoparticles (AuNPs) to regulate the activity of thrombin at different temperatures. Thiol end-functionalized PNiPAAm (PNiPAAm-SH) and SH-aptamer were co-functionalized to bind AuNPs through the formation of disulfide linkages. The PNiPAAm chains collapsed and extended at different temperatures, thus regulating the interactions between thrombin and the aptamer [45] . In another study, artificial glutathione peroxidase (GP) PNiPAAm-cyclodextrin-based conjugate was synthesized. GP conjugated to PNiPAAm graft copolymer, through supramolecular self-assembly, displayed significant temperature-dependent catalytic activities [46] .
Smart biosensors
Interestingly, reversible phase separation properties of thermo-responsive polymers have also been exploited in designing smart biosensors. For example, a temperature reaction-based micro-reactor system was developed in the form of a microfluidics channel for biosensors. PNiPAAm-based reversible three-dimensional porous polymer monoliths were built on a robust and stable matrix using a reversible adsorption technique and release of glucose oxidase (GOx) enzyme. This matrix was coupled with a carbon fibre microelectrode for monitoring glucose levels in a linear range from 0.05 to 5 mM. This enzyme-based smart bioreactor maintained the enzyme activity in a continuous exposure environment of 0.1 mM glucose solution for 20 times [47] . Recently, an on and off switchable enzymatic biofuel cell (EBFC) was designed by using the PNiPAAm polymer. During the design, AuNPs were first conjugated to GOx Figure 5 . Conjugation of urokinase on the lipid bilayer. First, an SH group is introduced to the cell membrane through anchoring of the SH-functionalized PVA polymer. After SH group incorporation, the cell membrane is incubated with maleimide-functionalized urokinase enzyme via thiol -maleimide linkage [37] .
and lactase enzymes; later these NPs were entrapped in PNiPAAm-based film, which was assembled on the surface of a gold substrate electrode by one-step electrochemical polymerization. Below the LCST of PNiPAAm, the polymer brush swelled and exposed the electrode surface to the solution, so that polymer-bound enzymes catalysed the redox reaction of the fuels. On other hand, at 458C, the polymer brush shrank and the electrode surface enzymes were unable to communicate with the substrate solution and hence the reaction was blocked. Thus, this repeatable on -off character was displayed at 20-458C. Moreover, bioconjugates were also shown to be stable during operation for multiple cycles [48] . In these studies, PNiPAAm showed promising application to protect and stabilize the enzymes. However, longterm performance and their uses in real applications need to be addressed in the near future.
Ion-responsive smart biocatalysts
Ion-responsive polymers are the polymers that change their conformation to sense the ionization/deionization process that has occurred in their functional groups, thus either protecting the conjugated enzymes in industrial biocatalysts or helping electric conduction in biosensors. Many such polymers have been conjugated with industrial or therapeutic enzymes.
Industrial biocatalysts
Mostly pH-responsive polymers have been used to develop industrial biocatalysts. These polymers are the polyelectrolytes, which change their conformation in response to the changes in acidic and basic conditions of the culture medium. Like thermo-responsive polymers, pH-responsive polymers also have reversible phase transition properties between solutions and precipitate forms. This transition occurs due to changes in electrostatic interactions along the polymer backbone. These changes cause the ionization and deionization of functional moieties of the polymer [1, 2] . For developing pH-responsive industrial biocatalysts, Eudragitbased polymers, which are different combinations of methacrylic acid and methylmethacrylate monomers, are most commonly used. These polymers show reversible phase transition by change in pH due to protonation or deprotonation of the functional side groups. Several industrial enzymes have been conjugated to different Eudragit polymers. For example, Hoshino et al. conjugated the amylase enzyme to different water-soluble polymers along with Eudragit L-100 and Eduragit S-100 for bioreactor applications. Among several polymers, Eduragit L-100 was most stable and it was soluble above pH 5.0 while precipitating at pH 3.5. The specific activity of the Eudragit-based bioconjugate was approximately 85% of the free enzyme activity [49] . Later, the same group synthesized another reversible pH-sensitive hydroxypropyl methylcellulose acetate succinate polymer-based amylase conjugate with entrapped Lactobacillus bacteria for continuous catalysis of starch for lactic acid production. The amylase bioconjugate precipitates at pH 4.0 while redissolving at pH 5.5 [50] . The industrially important enzyme cellulase has wide applications in the textile industry for cleaning cellulosic fibres. To increase the stability and reusability of the enzyme and to lower the cost, different pH-sensitive polymers like Eudragit L 100 or S100 were conjugated and used. For instance, the Eudragit L100 polymer-cellulase bioconjugate was shown to have reversible phase transition at low pH. At pH 5.0, this bioconjugate remained in the soluble state, while at pH 4.0 it precipitates and protects the enzyme from a low acidic environment [51] . In another study, cellulase was conjugated reversibly to a soluble-insoluble Eudragit S-100 pH-sensitive polymer through the covalent linking process. Covalently conjugated cellulase-Eudragit S100 was shown to have a high binding efficiency of approximately 81%, which was significantly higher than that of non-covalent Eudragit S100-cellulase. Moreover, this covalent conjugate was found to be both pH and thermally stable. After conjugation, affinity of the conjugated cellulase increased significantly compared with the free enzyme [52] . In a third study, efficacy of both Eudragit S100 and L100 were studied with non-covalent conjugation of cellulase. Commercially available cellulase enzymes were non-covalently conjugated to reversibly soluble pH polymer S100 (CES) and L100 (CEL). Among them, CES showed relatively higher stability than CEL at higher pH and temperature conditions. CES and CEL retained approximately 51% and 42% enzyme activity, respectively, after three cycles of use. Moreover, the activity of the conjugated CES and CEL was also effective on cotton fabric and yarn; therefore, less damage was observed in terms of weight loss in the treated cotton [53] . Another commercial enzyme endo-pectinylase was conjugated to Eudragit L100-55, which displayed reversible soluble and insoluble states depending on the pH of the medium. Endo-pectinylase conjugated to the Eudragit through carbodiimide-based crosslinking was compared to the enzyme that was simply adsorbed on the polymer. The bioconjugate obtained by adsorption showed higher enzyme activity than the bioconjugate synthesized through activated polymer. However, both the conjugates retained approximately 80% of the initial activity even after repeatedly washing with saline [54] . In this series, a copolymer of methacrylate and methylmethacrylate MPM-06 with papain enzyme was also studied. This bioconjugate showed a change in its conformation at low pH. At pH 5.8, the MPM-06-papain bioconjugate existed in solution and at pH 4.8, it was in the precipitated form. After conjugation, papain retained 20% of its specific activity [55] .
Alpha-galactosidase is another industrial enzyme explored for bioconjugation with Eudragit polymers. It is an enzyme used for the treatment of soya bean products to remove the anti-nutritive a-galacto-oligosaccharides like raffinose and stachyose. For repeated industrial use, the enzyme was also conjugated to Eudragit L100 and good conjugation efficiency (0.93) was observed. After the conjugation, the optimum pH of the conjugated a-galactosidase was changed from 6.5-7.0 to 7.0; however, temperature optima were unchanged. Moreover, the conjugated enzyme was stable and retained 50% of its initial activity after storage up to 15 days at 378C. On the other hand, free enzyme activity was completely lost upon storage [56] . Many other enzymes like amylosucrase [57] or xylanase [58, 59] were also conjugated to Eudragit L100 to enhance their stability and performance under harsh reaction environments.
Therapeutic biocatalysts
For therapeutic purposes, polyelectrolyte-and methacrylicbased polymers are the most extensively used for the development of biocatalysts. For example, lysozymes are rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180062 recognized as therapeutic proteins in the prevention of bacterial infections and also in exploring treatments for cancer. To stabilize the lysozymes for their in vivo use, polyelectrolytes in the form of complexes were demonstrated. In polyelectrolyte complex formation, electrostatic interactions play an important role due to the interactions of charged polymer chains with oppositely charged moieties of the proteins. However, hydrophobic interactions are also participating in stabilizing the complexes. Therefore, the stability of the polyelectrolyte protein complexes depends on pH, ionic strength of the solution, charge density and surface charge distribution of the polymer or protein. Depending on these factors, complexation can lead to the formation of soluble polymer-protein complexes, while precipitation occurs upon phase separation due to secondary aggregation of the complexes [9, 10] . The formation of polymer -protein complexes generally is characterized through turbidimetry or light-scattering techniques [60, 61] . However, the stability of the protein or change in its conformation is studied through fluorescence, infrared (IR) or circular dichroism (CD) spectroscopy [62] . For example, pH-responsive polyelectrolyte micelles based on self-assembly of the polystyrene-b-poly(disodium(sulfamate-carboxylate)isoprene) (PS-SCPI) polymer was complexed with lysozyme protein. The behaviour and structure of these complexes were studied at two different pH levels, 7.0 and 3.0, using low ionic strength solution. There was no sign of denaturation of lysozyme observed upon complexation as confirmed by fluorescence, CD and IR spectroscopy [10, 62] . In another study, the interactions of lysozyme with BSA-pH/temperature-responsive poly(amino urethane) polymer were studied. The binding interactions between complexes mainly consisted of van der Waals forces and hydrogen bonding. There were slight conformational changes observed through Fourier-transform IR spectroscopy (FTIR) analysis after complexation [63] . In another study, pH-sensitive anionic polymer was used in conjugation with therapeutic streptokinase. Anionic commercially available dendrimer poly(aminoamine) (PAMAM) G3.5 generation possesses many free carboxyl groups available for the conjugation of an enzyme, which also contribute to the hydrophilic character of the polymer, which helps improve the retention time of the conjugate in the body. Generally, highly hydrophilic polymer inhibits adhesion of proteins and interactions with the cells, thus minimizing the clearance of enzyme from the body. The PAMAM -streptokinase bioconjugate was synthesized with varying amounts of protein and polymer ratios via covalent linking between amino and carboxyl groups. This conjugate with an equal ratio of protein and polymer exhibited the highest functional activity and retained approximately 80% of enzyme activity after the conjugation process. However, all the conjugates in different ratios showed sustained thrombolytic activity and high stability in the plasma compared with free streptokinase [64] .
Smart biosensors
Ion-conducting polymers like polymers with the pi-electron system, chitosan, polyaniline and polyterthiophene are being explored in designing smart enzyme-based biosensors. Structurally, these polymers are cyclic or aromatic compounds with unsaturated rings having the pi-electron system, which facilitates conduction of electrons [65, 66] . Modification of the electrode surface in the biosensors can be achieved by using the conducting polymers in the form of NPs and thin gel films, while self-assembled monolayers act as mediators in the biosensors.
In designing glucose biosensors, polymers with an extended pi-electron system such as thiophene, pyrrole and thiazole are widely being explored. This is because of their conductivity, good stability, biocompatibility and reproducibility. For instance, Guler et al. conjugated pyranose oxidase enzyme on a graphite electrode modified with a conducting polymer of 4-amino-N-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-yl)benzamide), which displayed free amine groups on the surface that are available for easy conjugation with enzymes. Furthermore, the enzyme can be stabilized via a glutaraldehyde-mediated cross-linking procedure [67] . Chitosan is another polymer that has been extensively explored for the development of glucose biosensors. In the natural form, chitosan dissolves under acidic conditions while becoming stabilized in basic pH; therefore, chitosan shows limitation of use in acidic conditions. To circumvent this problem, chitosan was modified with quaternary ammonium salts to make cationic chitosan. For example, O-(2-hydroxyl)propyl-3-trimethylammonium chitosan chloride (OHTCC) was developed as the carrier material for biosensors (figure 6) [69] . OHTCC NPs were used for the conjugation of GOx enzyme along with onion bulk scales as a biomaterial platform. The reason for choosing onion scales as the platform was their excellent permeability for substrates and products. Moreover, onion scales also possess good mechanical strength and biocompatibility, therefore representing a good platform for enzyme conjugation [70] . GOx-OHTCC NPs-conjugated onion membrane was fabricated by gelating enzyme with OHTCC NPs on an inner core of onion membrane and then placing it on the surface of an O 2 sensor. The GOx-OHTCC NP-conjugated onion membrane biosensor showed good sensitivity, reproducibility, reusability, low cost and an easy-tooperate system. Moreover, this biosensor was stable with a half-life of approximately three weeks [71] . GOx catalyses the oxidation of glucose into hydrogen peroxide and gluconic acid, and later, hydrogen peroxide is electrochemically detected in the form of oxygen or hydrogen ions, which quantify the amount of glucose in the system. The reaction mechanism is illustrated as follows:
In another study, GOx was directly conjugated in a chemically modified Au electrode and then chitosan polymer was coated on the electrode as a protection film. The chitosan film enhanced the stability of the enzyme but without affecting its activity. The Au-GOx-based sensor showed good stability up to 30 days with a high sensitivity (8.91 mA mM 21 cm 22 ) and fast response time, less than 10 s [72] . In this series, polyaniline is also being used in the fabrication of smart biosensors. For example, GOx was conjugated on a poly(aniline)-polyvinylsulfonate (PANI-PVS) composite film through physical entrapment. At first, the PANI-PVS electrode was immersed in an aqueous solution of PVS and aniline. Then, the enzyme was added into the solution and the solution was purged with argon to remove molecular oxygen before initiation of electro-polymerization at 0.75 V for 60 min. The PANI-PVS-based GOx electrode exhibited good sensitivity and operational and storage stability [73] . In rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180062 this context, poly(carboxybetaine) methacrylate (PCBMA) was also explored for designing implantable biosensors. For instance, the PCBMA-coated GOx sensor was stable up to 12 days when stored in human blood at 48C. However, sensor performance dropped significantly at later time points [74] . Apart from fouling, functional damage to the sensor due to leaking of enzyme is another factor affecting long-term stability of biosensors inside the human body. Excessive enzyme loading and increasing enzyme stability could be other factors for improving functionality of these sensors [75, 76] . A different pi-electron system-based polymer, polyterthiophene, is being explored for developing biosensors for acetylcholine (ACh) measurement in biological samples. Conventionally available methods like fluorescence, electrochemiluminescence and chromatography for the detection of ACh are costly, time-consuming and not sensitive enough, and require trained personnel for detection [77] [78] [79] . However, enzyme-based electro-biochemical sensors are sensitive, costeffective and robust [80, 81] . These biosensors are based on the enzymes acetylcholine esterase (AChE) and choline oxidase (ChoX), which lead to the detection of component hydrogen peroxide after reaction with ACh [82] .
Current biosensors for ACh detection are based on co-conjugation of two enzymes on the same electrode [83] , and they suffer from the problems of low sensitivity, short-term stability and low detection range. These problems are mainly due to ineffective conjugation of the enzyme or inappropriate ratio of conjugated enzymes and mediators present on a single electrode. Hence, the choice of mediators is another determining factor in biosensor design for ACh detection, and it should be demonstrable and bear reacting functional moieties for anchoring the enzymes. Among several compounds, polyterthiophene is a highly stable conducting polymers, which has a free carboxyl group to form stable amide bonds with primary amino groups of the enzymes [84] . Therefore, to improve the performance of biosensors, a strategy of conjugation of enzymes and mediators on two different electrodes was developed. Independent loading of the enzyme and mediators might be possible to improve the enzyme loading efficiency and avoid interference during analysis. For instance, Akhtar et al. fabricated a dual electrode-based sensor with AChE/ChoX bienzyme conjugation and assembled it in the form of a microfluidic device. AChE was covalently immobilized on pTTBA (polyterthiophene-3-p-benzoic acid)/AuNPs as the reaction electrode, while ChoX with hydrazine conjugated on a pTTBA/PAu (a nickel dealloyed porous Au) surface was the detection electrode. The microfluidic biosensor showed a wide range of detection from 0.7 nM to 1500 mM with a detection limit of 0.6 + 0.1 nM. Moreover, the sensor was stable and able to detect Ach from biological samples [82] .
Photo-responsive smart biocatalysts
Photo-responsive smart biocatalysts are based on photoresponsive polymers, which show light-dependent phase transition. Interestingly, a few photo-responsive polymerbased switches were developed to turn on and off the activity of the conjugated enzyme. 
. Industrial biocatalysts
There are very few polymers used for synthesis of photoresponsive industrial biocatalysts. For example, two different photo-responsive polymers N,N-dimethylacrylamide-co-4-phenylazophenyl acrylate (DMAA) and DMA-co-N-4-phenylazophenyl acrylamide (DMAAm) were synthesized for conjugation with endoglucanase 12A (E12 12A) mutant protein through site-specific conjugation. Using side-directed mutagenesis, EG12A mutant protein was made to display a sulfhydryl group (-SH), which reacted with the vinyl sulfone group of the DMAA-vinyl sulfone (VS) (DMAAm-VS). These copolymers displayed reverse phase transitions in response to UV or visible (Vis) illumination. Apart from the light sensitivity property, these copolymers also showed thermo-responsive LCST behaviour. Their UV/Vis phase transition was characterized at approximately 40 -458C, because in this range enzyme E12A shows high stability and activity. Also, in this range, DMAA polymers are in a solution state under the influence of UV illumination (350 nm), but collapsed under illumination of Vis light (420 nm) and vice versa. Therefore, using this opposite behaviour, copolymers displayed on and off switchable activity of the conjugated enzyme E12A similar to molecular switches. Under the collapsed form, both the conjugates displayed zero activity, while in the expanded form under the influence of UV or Vis light irradiation this conjugate showed 60% of the catalytic activity of the free enzyme. Under the collapsed state, the enzyme active site is unable to access the substrate due to steric hindrance, while accessibility of the active site increased to 60% in the solution state [86] . These photo-responsive polymers were also used for conjugation of streptavidin protein to control the affinity binding of avidin in response to UV/Vis light irradiation. Under UV radiation, the bioconjugate in the solution state binds with biotin, while, under Vis radiation, it released the bound protein in the collapsed state [13] . Recently, a new kind of bis(4-(3-thienyl ethylene)-oxycarbonyl) diazobenzene (TDAZO) photosensitive monomer was synthesized. This monomer and thiophene and pyrrole were copolymerized in the form of P(TDAZO-co-TH) used for conjugation of invertase simply through entrapment in polymer matrices. The conjugation of the enzyme was performed during polymerization of pyrrole and thiophene moieties of the TDAZO monomers. After conjugation, the kinetic parameters of the enzyme were unchanged; however, an increase of 108C in the optimum temperature of the enzyme was observed. The interactions between the enzyme and the diazo group of the polymer enhanced the thermal stability, pH and reusability of the enzyme several-fold [87] .
Smart biosensors
For the development of photo-responsive biosensors, copolymers based on glycidyl methacrylate and furan-protected maleimide monomers were used to control the enzyme activity in response to UV light. Copolymers were grafted on the surface of fluoropolymer foils through free radical initiators. Post-grafting, copolymer brushes were chemically functionalized for chemo-specific binding of the enzymatically active microperoxidase-11 (MP-11) and light-responsive Figure 7 . Photo-responsive bioconjugate brushes. Photo-responsive behaviour of poly(glycidal methacrylate)-microperoxidase 11-co-maleimide copolymer containing monomer spiropyran-p bioconjugate brushes. In the presence of UV/Vis light, polymer brushes are collapsed and displayed low catalytic activity. However, in the absence of UV/Vis light, the brushes are relaxed and subsequently displayed their catalytic activity [85] .
rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180062 spiropyran (SP) moieties. The presence of these two moieties on a single polymer brush enabled the modification of catalytic activity of the enzyme in response to UV light for many operational cycles. During exposure to UV light, the polymer brushes collapsed, which in turn showed low activity; however, in the absence of UV light, brushes attained a relaxed state and showed high catalytic activity. This kind of enzyme conjugates on a chip was validated as a smart lab-on-a-chip system (figure 7) [85] . Overall, photo-responsive polymer biocatalysts represent an attractive option to design smart biosensors, therapeutics and industrial conjugates. However, their performance still needs to be extensively evaluated in these applications.
Magnetic-responsive biocatalysts
Enzymes conjugated on magnetic supports, especially on micro-or nanoparticles, offers the advantage of easy recovery by applying a magnetic field and can be recycled for diverse purposes. Mostly, magnetic particles have a super-paramagnetic core, which is covered with a shell or a layer that inhibits the interactions of the enzyme with iron oxide.
Industrial biocatalysts
For industrial biocatalysts, enzymes can be conjugated with magnetic particles and easily recovered from the reaction medium by using magnetic force. For example, lipase, a well-known enzyme, was covalently conjugated to ferromagnetic azide polyethylene terephthalate particles. The conjugated particles stabilized the enzyme thermally and retained approximately 78% of the enzyme activity compared with the soluble enzyme after heating the conjugate at 608C for 1 h. The conjugated enzyme was also stable after storing at 48C, and it has been re-used up to five cycles without loss of activity. Moreover, the conjugated enzyme was more efficient in catalysing hydrolysis of the 4-nitrophenyl esters than the soluble enzyme [88] . In another study, lipase extracted from Candida rugusa conjugated to amine-functionalized magnetic supports formed cross-linked enzyme aggregates (CLEAs). Glutaraldehyde was used as a coupling agent and 81% of the enzyme activity was retained after this conjugation process. A cross-linked enzyme on a magnetic support was thermally more stable and showed higher activity at pH 8.0 (1.0 scale shift in optimum pH) compared with the free enzyme. The shift in optimum pH occurred due to a change in the conformation of the enzyme, and the conjugation makes catalytic sites more accessible for H þ and OH 2 ions [89] . The conjugation also thermally stabilized the enzyme. At high temperatures, the free enzyme became denatured, while the conjugated enzyme was protected and retained its enzyme activity possibly due to inflexible conformation because of the cross-linking with the magnetic support. This bioconjugate retained 62.9% of its enzyme activity after 30 consecutive uses and retained 80% of the initial activity after 30 days of storage [90] . In lipase bioconjugation, the extent of conjugation depends on several factors: nature of the enzyme, conjugation procedures and the type of support or polymer, which also affect the optimum temperature, pH, activity and affinity to the substrate of the enzyme [91] . Similarly, carboxymethyl cellulose (CMC) and diethylaminoethyl cellulose (DEAE) polymer were used to develop the lipase enzyme conjugate. In this polymeric support, magnetic NPs were embedded for the ease of separation. Enzyme conjugated to the polymeric support via glutaraldehyde formed the CLEA. The lipase aggregates with a DEAE polymer were two times more active than the enzyme aggregates with CMC. This is because of the amine residues of DEAE aggregates, which enhanced the crosslinking of the enzyme compared to carboxyl residues of CMC. Thus, conjugation capacity of DEAE support was greater than that of CMC [92] . Apart from glutaraldehyde cross-linking, carbodiimide linking was also used in the synthesis of magnetic lipase bioconjugates ( figure 8 ). For instance, lipase covalently binds to ferric oxide (Fe 3 O 4 ) NPs through carbodiimide activation, and the conjugation efficiency of lipase on magnetic NPs was 100%. Conjugated lipase showed 1.41 times enhanced activity, 31 times more stability and better tolerance in a wide range of pH compared to the free enzyme. Conjugated lipase also had enhanced affinity for the substrate [93] . Similarly, carbodiimide coupling chemistry was also used in the synthesis of lipase-conjugated ferrofluid-modified spent grain along with glutaraldehyde, epoxide and periodate-based linking. In all these modes of coupling, conjugated enzyme has shown better storage and operational stabilities compared to the free enzyme [94] . Recently, novel magnetic poly (methacrylate-divinyl benzene) rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180062 microspheres were synthesized for coupling the lipase enzyme from Candida cylindracea by using a suspension procedure and a divinyl benzene-based cross-linking method. The enzyme was covalently coupled to amino-functionalized magnetic polymeric supports. After conjugation, enzyme conjugates showed better stability and reusability after their recovery by magnetic separation within 20 s when compared with the free enzyme [89] . In a different study, the cross-linking mode of enzyme conjugation was compared to the conjugates synthesized by the spray drying method. Glutaraldehydemediated cross-linked magnetic Fe 3 O 4 chitosan microparticles retained higher enzyme activity and they were more stable upon storage than the bioconjugates made by other methods. Moreover, reusability of cross-linked bioconjugates was also better than that by other preparations [95].
Therapeutic biocatalysts
There are a few studies where magnetic field responsive particles were conjugated to therapeutic enzymes. For example, penicillin amidase was conjugated on epoxy and glutaraldehyde activated poly(vinyl alcohol), poly(methylmethacrylatedivinylbenzene) and poly(vinylacetate-divinylbenzene) magnetic beads. The extent of conjugation and stability was dependent on the chemical moieties present on the beads. Enzyme-conjugated beads, especially in small sizes, showed low mass transfer resistance, with decreases in the charge density ratio in the electric double layer on the beads, which enhanced the affinity for the substrate and efficiency for catalysing benzyl penicillin hydrolysis, stereo-selectivity in condensation reactions and hydrolysis of racemic phenylacetyl-Phe when compared with the free enzyme [96] . In this context, amphiphilic polymer-based magnetic microspheres were also synthesized by controlled radical polymerization. Synthesized microspheres showed good magnetic properties and they can be easily separated out from the mixture. Conjugated lipase exhibited better temperature stability, resistance against changes in pH and superior reusability in the non-aqueous phase compared to the free enzyme [97] . Magnetic-responsive biosensors have also been fabricated for fast and accurate measurement of the analyte. For example, in nanosize biosensors, a conjugated polymer and core shell magnetic NP-based biosensor were fabricated for pesticide detection. In this design, at first magnetic NPs were treated with silica and further modified for incorporating free carboxyl groups for conjugation of the enzyme. Carboxyl group-containing magnetic NPs and acetylcholine esterase (AChE) were co-conjugated on a poly(furanbenzothiadiazole) (PFBThF) electrode surface. A PFBThF-based AChE-conjugated biosensor was able to detect toxicants like paraoxon and trichlorfon with low response times (5 s) and high sensitivity (45.01 mA mM 21 cm 22 ). There was no considerable loss in the activity of the biosensor as observed after 10 days of storage [98] .
Dual-responsive smart biocatalysts
A few pH-and temperature-responsive polymers have been used for conjugation of enzymes to develop dual-responsive smart biocatalysts. For instance, a pH-and temperatureresponsive PNiPAAm-co-itaconic acid (IA)-based hydrogel was synthesized and demonstrated to release conjugated lipase in response to external stimuli. The copolymers showed higher loading efficiency for the enzyme and the release of the enzyme is dependent on the pH of the medium. At a low pH of 2.2, the copolymeric nano-hydrogel released low lipase probably due to aggregation of the polymer enzyme bioconjugate, but higher amounts of lipase were released at pH 6.8 due to relaxation of the conjugate structure [99] . Recently, conformational changes of protein polyelectrolyte nano-complexes were also synthesized by using pH-and temperature-responsive dual-responsive block polymer PNiPAAm-b-PAA, which was complexed with lysozyme. The size of nano-complexes decreased with the increasing concentrations of lysozyme due to opening up of the complex structure. However, salinity of the solution did not affect the changes in conformation. Owing to the presence of the temperature-responsive block PNiPAAm, complexes also show phase transition properties in response to temperature, and changes were dependent on the initial ratio of the block electrolyte/lysozyme [100] . More studies are required to better understand the behaviour of these dual-responsive polymer-based biocatalysts.
Conclusion and future aspects of smart biocatalysts
Several smart biocatalysts are being developed for different industrial and biomedical applications. These catalysts are stable and catalytically active for long periods of time under harsh reaction environments. The stable conjugation of the enzyme to the polymer without affecting its functional activity is one of the major challenges in the development of smart biocatalysts because conjugation stability affects the reusability and functional stability of the enzyme. Moreover, biocompatibility of the bioconjugate is another major concern for the development of therapeutic biocatalysts. Thus, in the future, in vivo performance and long-term stability of the developed smart biocatalysts need to be addressed in detail.
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